
zircon into baddelyite and silica. Compari-

son of U-Xe and U-Pb ages (24) suggests

that Xe is at least as strongly retained as Pb.

Nevertheless, Pb loss associated with meta-

mictization is commonly observed in zircons

(25), and, given the antiquity and complex

history of the ancient detrital zircons, it is

likely that loss of Xe will also have occurred

in a portion of our samples.

We have developed a two-stage model to

show how the 131Xe/136Xe ratios are affected

by Xe loss during diffusion or recrystalliza-

tion events and provide an illustration for

zircons with a crystallization age of 4.2 Gy

and initial Pu/U 0 0.006 (Fig. 3). Early events
cause the loss of predominantly Pu-fission

xenon, and the subsequent buildup is domi-

nated by xenon from U. In consequence, the

present-day 131Xe/136Xe ratio is lowered,

reaching a minimum for loss occurring around

3.5 to 3.8 Ga. As the time of Xe loss ap-

proaches the present, the short time available

for U fission ingrowth relative to the amount

of Pu xenon results in measured 131Xe/136Xe

ratios that approach the value they would

have if no loss had occurred. The 131Xe/136Xe

ratio is thus most sensitive to Xe loss during

Archean events. This suggests that the low
131Xe/136Xe ratios in the discordant Jack

Hills zircons may be the result of events be-

fore the formation of the Jack Hills meta-

sediments. To be more definitive requires an

additional relationship between the time of

Xe loss and the degree of loss. Such a rela-

tionship can in principle be provided by the

simultaneous determination of U-Xe ages.

We have detected Xe with an isotopic

composition characteristic of the spontaneous

fission of 244Pu in individual 4.1- to 4.2-Gy-

old detrital zircons. The initial Pu/U ratios, at

4.56 Ga, implied by our analyses range from

essentially zero to 0.0066 between individual

zircons. This is probably the result of Xe loss

during subsequent metamorphic processes,

e.g., those associated with formation of the

host metasediments. Combining the present

procedures with U-Xe dating methods has the

potential to date these early metamorphic

processes. The highest implied Pu/U ratio is

within the range of estimates from meteorites,

but, in order to quantify a global Pu/U ratio

for the early Earth, future work will require

an improved understanding of the geochem-

ical behavior of Pu relative to U and the rare

earth elements in zircon crystallization.
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Geochemical Evidence for Excess
Iron in the Mantle Beneath Hawaii

Munir Humayun,1,2* Liping Qin,1 Marc D. Norman3

Chemical interaction of Earth’s mantle with the liquid outer core should
influence the mantle’s iron content. Osmium isotope ratios in Hawaiian lavas
indicate a mass flux of e1% core to the mantle, which is the immediate
source of these lavas. We present precise measurements of the Fe/Mn ratio
for Hawaiian lavas, revealing an increase of 1 to 2% in the mole fraction of
iron in the mantle beneath Hawaii. This corresponds to a density anomaly of
about 0.5%, about the same magnitude observed in seismic tomography
models of the Pacific superswell region. These data also rule out a role for Mn-
rich sediments as the source of the Hawaiian Os isotope signal.

On the basis of geophysical evidence, some

mantle plumes are argued to arise from the

core-mantle boundary (CMB). Chemical

interaction between the core and the man-

tle at the CMB may involve physical en-

trainment of differentiated outer core (1),

disequilibrium chemical reactions (2), equi-

librium chemical reactions (3, 4), isotopic

exchange (5), or exsolution of a light

element component during inner core growth

(4, 6), each of which may impart distinct

isotopic and chemical signatures to the

adjacent mantle. Assuming that the effects

of chemical interaction are localized to

mantle adjacent to the CMB, plumes arising

from the CMB may entrain mantle that has

experienced core-mantle interaction and

advect such chemical signatures to the sur-

face where they may be detected in the

chemistry of erupted lavas. Osmium isotopic

composition of Hawaiian picrites has pro-

vided the best indication for the entrainment

of differentiated outer core material in the

source of the Hawaiian plume, implying a

mass flux e1% by weight (1). The absence of

unradiogenic 182W/184W in the Hawaiian

picrites, however, has been taken as evidence

against core-mantle interaction (7). It has

also been used to support the suggestion that

the observed Re-Pt-Os isotope systematics

(1) can be explained by the recycling of

surficial Mn sediments (with high Pt/Os and

Pt/Re ratios) into the source of the Hawaiian

plume (7, 8). Evidence of Mn enrichment

was not found in Gorgona Island komatiites,

which exhibited coupled 186Os-187Os isotope

variations (9).

Iron, the dominant constituent of the core,

is probably the most important element with

a geochemical cycle that can be affected by

exchange across the CMB. The Fe flux is of

primary concern in geodynamic models,

because it influences the density of the

mantle (10–12). The constant molar 100

Mg/MgþFe (Mg#) is 89 T 2 (1G) of
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primitive mantle xenoliths, which implies

that the upper mantle contains 6.26 T 0.63%
(1G) Fe as FeO dissolved in minerals (13).

From seismic tomography and mineral

physics constraints, the lower mantle is

inferred to possibly contain 10 to 20% higher

Fe (10–12). The inferred excess Fe may be

primordial (4), the result of recycling of Fe-

rich crust (10), or the result of Fe exchange

across the CMB (11). Notably, the present

uncertainties (10%, 1G) assigned to upper

mantle Fe abundances are comparable to the

expected excess Fe in lower mantle derived

plumes. Geochemical evidence for excess Fe

in mantle-derived melts has been further

limited by chemical fractionation of Fe from

Mg and other elements during partial melt-

ing and fractionation (14). Here, we present

a refined method that uses Fe/Mn ratios to

determine excess Fe abundances in the

sources of mantle-derived magmas.

Because most of the Fe in the mantle is

Feþ2 (FeO) and all of the Mn is Mnþ2

(MnO), Fe and Mn share the same charge

and have a similar ionic radius, the two

properties that most influence the partition-

ing behavior of elements in magmatic

processes. During partial melting and frac-

tional crystallization, the abundance of Mnþ2

follows that of Feþ2, so the Fe/Mn ratio

should remain approximately constant. The

coherence of the Fe and Mn geochemical

cycles in the mantle is not followed by

sedimentary processes or by core-mantle

interaction, because Fe or Mn occurs in

other valence states. A global suite of mantle

peridotites yields Fe/Mn 0 60 T 10 (1G) (13),
whereas a similar comparison of basalts

yields Fe/Mn 0 59 T 9 (1G) (15). The scatter
of existing measurements of the Fe/Mn ratio

in basalts from a single tectonic setting

conceals the variations predicted by geo-

physical models. Because a substantial part

of this scatter may be due to analytical

artifacts (15), a new technique based on

inductively coupled plasma mass spectrom-

etry (ICP-MS) has been developed for the

precise (T0.5%) determination of the Fe/Mn
ratio of fresh basalts (16).

Our measurements resolve Hawaiian pic-

rites from mid-ocean ridge basalts (MORBs)

or Icelandic picrites (Fig. 1A). Unlike radio-

genic isotope ratios, the Fe/Mn ratio may be

affected by the degree of partial melting, the

residual mantle mineralogy, and the extent of

olivine fractionation or accumulation experi-

enced by the lavas. Given that olivine has a

higher Fe/Mn ratio, olivine removal from the

melt should decrease the Fe/Mn ratio of

erupted lava, whereas olivine accumulation

should increase the Fe/Mn ratio. One test of

the precision of the data is to observe Fe/Mn

variations associated with olivine fractiona-

tion (Fig. 1B; data are plotted individually

for each volcano). Using estimates of the

MgO content of primary magma (magma

composition before crystal fractionation or

accumulation) (17), we determined the

primary magma Fe/Mn ratio (Table 1). The

excess Fe/Mn in Hawaiian picrites relative to

MORB is not the result of olivine accumu-

lation, given that Icelandic picrites with the

same MgO range as Hawaiian picrites show

Fe/Mn similar to MORBs, and three Kilauea

basalts also exhibit an Fe/Mn 9 65. Fur-

thermore, Fig. 1 shows that the high Fe/Mn

ratio is characteristic of picrites and basalts

from Loihi, Kilauea, Mauna Kea, Mauna

Loa, Hualalai, Kohala, and Koolau (i.e., the

entire Hawaiian plume).

Explanations of the radiogenic 186Os/188Os

ratios in terms of recycling of Mn-rich

sediments (7, 8) imply that Fe/Mn e 40,

substantially lower than the mantle value of

60. Mixing models involving Mn-sediment
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Fig. 1. (A) Fe/Mn determined by ICP-MS versus
MgO for Hawaiian lavas (diamonds), Icelandic
picrites (circles), and MORB glasses (squares). A
representative error bar (2A) (open diamond) is
shown in the upper right-hand corner. (B) An
expansion of the scale for the Hawaiian lavas,
showing suites for which three or more
samples from the same volcano were analyzed:
Kilauea (squares), Loihi (diamonds), Mauna Loa
(triangles), and Hualalai (circles). Each suite
forms an olivine fractionation or accumulation
trend; Kil 1-7 and MLKAH-4 deviate from the
trends for no apparent reason. The shaded field
depicts the range of estimated primitive melt
MgO contents for the Hawaiian picrites (17).
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Fig. 2. Fe/Mn versus 186Os/188Os (1) for the
Hawaiian picrites (black diamonds) compared
with model predictions for mixing between
recycled Mn-rich sediment (black curves),
outer core (gray curves), and normal mantle.
The Pt/Os ratios of the Troodos umbers (7)
were used to calculate the 186Os/188Os ratios
for these sedimentary compositions after 2 Ga
of radiogenic ingrowth (circles). Mixing lines
were calculated between average sediment
[6.5% Mn, Fe/Mn 0 5.8, Os 0 230 parts per
trillion (ppt) (7), 186Os/188Os 0 0.12003], and
peridotite [Mn 0 0.1045%, Fe/Mn 0 60 (13);
Os 0 3800 ppt, 186Os/188Os 0 0.1198345 (1)] or
picrite [Mn 0 0.13%, Fe/Mn 0 60, 186Os/188Os 0
0.1198345 (1, 17)] and are hyperbolic concave
downward. The most hyperbolic curve is that
for normal mantle, with successive picrite
curves for 800, 400, 200, 100, and 50 ppt Os,
respectively. Mixtures between mantle and
outer core [parameters from (9, 13)] are
shown as gray curves. The Fe/Mn 9 65 for
Hawaiian picrites are compatible with a
combination of FeO metasomatism (gray
vertical arrow) and outer core admixture (gray
hyperbola).

Table 1. Fe/Mn (weight ratio) corrected for olivine gain/loss, mole fraction of Fe, Mg#, and density
anomaly, inferred in the source of Hawaiian volcanoes (16). &XFe, the anomaly in the mole fraction of Fe;
PUM, primitive upper mantle.

Fe/Mn XFe &XFe Mg# &D/D (%)

Kilauea 67.4 T 0.4 0.1189 T 6 0.017 88.11 T 0.06 þ0.55 T 0.06
Mauna Loa 65.8 T 0.9 0.1164 T 14 0.015 88.36 T 0.14 þ0.47 T 0.07
Hualalai 66.4 T 0.5 0.1173 T 8 0.016 88.27 T 0.08 þ0.50 T 0.06
Iceland 59.5 T 1.5 0.1064 T 24 0.005 89.36 T 0.24 þ0.15 T 0.10
MORB 56.5 T 1.1 0.1016 T 18 K0 89.84 T 0.18 K0
PUM (13) 60 T 10 0.107 T 16 0.006 89.3 T 1.6 þ0.18 T 0.51

R E P O R T S

1 OCTOBER 2004 VOL 306 SCIENCE www.sciencemag.org92



recycling/assimilation by peridotite, picrites,

or basalts fail to increase the 186Os/188Os ratio

without lowering the value of Fe/Mn (Fig. 2).

Three hypotheses may explain the ele-

vated Fe/Mn value of Hawaiian lavas rela-

tive to MORB or Icelandic picrites: (i)

partial melting of low-olivine mantle, (ii)

pyroxenite melt contributions, and (iii) Fe

flux across the CMB. To assess the effect of

mineralogical control on the Fe/Mn ratio of

mantle melts, Fig. 3A shows the partition

coefficients (D) for Fe and Mn in major

phases for experimental melts of garnet

peridotite (18). Both D(Fe) and D(Mn) are

G1 in all phases (i.e., both elements are

mildly incompatible). Olivine exhibits D(Fe) 9
D(Mn), garnet and clinopyroxene exhibit the

reverse effect, and orthopyroxene is inter-

mediate in its Fe/Mn preference. Thus, melts

derived from spinel and garnet peridotites

exhibit an Fe/Mn value slightly lower than

that of their source region (between 55 and 58

versus 61) (Fig. 3, B and C). The presence of

olivine in the residual mantle counterbalan-

ces the effect of garnet and clinopyroxene on

the Fe/Mn ratio of the melt such that no

systematic large deviations of the Fe/Mn

ratio for mantle-derived melts occur (Fig.

3A). The proportions of garnet and clinopy-

roxene are important in controlling the

abundances of the rare earth elements and

are well estimated in the Hawaiian source

(17). But the ratio of olivine to orthopyrox-

ene is not similarly constrained, so if the

Hawaiian source were substantially more Si-

rich (G25% olivine in the source), then the

resulting partial melts could exhibit higher

Fe/Mn ratios. However, no other evidence

supports a Si-rich mantle, with the exception

of Koolau (17).

Recycling of MORB crust (Fe/Mn È 55

to 58) should not increase the Fe/Mn value

of the source, but could increase the Fe/Mn

ratio of partial melts derived from pyroxenite

veins due to mineralogical control by

clinopyroxene and garnet. Experimental

studies of the partial melting of MORB-

composition pyroxenites (19, 20) show that

the Fe/Mn value of pyroxenite melts

decreases as the degree of partial melting

increases; melts formed by over 60% partial

melting (MgO 9 5%) show no deviation

from their source composition (Fig. 3C).

However, because peridotite melting only

begins at temperatures at which such pyrox-

enites are over 60% melted (19), pyroxenite

partial melts cannot contribute substantially

to the high Fe/Mn ratio of the Hawaiian

picrites. Silica-undersaturated pyroxenite

melts (21) provide a more potent end-

member. The addition of 25% of melt V162

(21) to basalt with Fe/Mn È 58 produces a

liquid with Fe/MnÈ 66. However, the amount
of pyroxenite contribution to the sources of

the various Hawaiian picrites was estimated

from trace element abundances to be negli-

gible for all but the Koolau lavas, in which

it is G10% (17). No systematic difference of

Fe/Mn between Koolau and other lavas can

be discerned (fig. S2), indicating that the

effect of pyroxenite melting on the Fe/Mn

ratio is minor. It must be concluded that the

high Fe/Mn value is a feature of the source

composition and not of the melting process.

Oxygen (as FeO) is a likely candidate for

the light element in the core (22). The

exchange of FeO between the core and the

lower mantle may occur during core for-

mation processes as FeO-saturated melts

percolate through the lower mantle (4), or

FeO may exsolve from the outer core as the

inner core grows (5, 23), creating the seismic

anomalies observed at the CMB (11, 24). For

the outer core, Fe/Mn 9 170 (13). Thus, FeO
exchange between the liquid outer core

occurring either in the ancient Earth, or

actively over time, would impart a high Fe/

Mn to regions of the lower mantle. The

Hawaiian plume may have entrained small

amounts of a FeO-rich layer from the CMB

(25) or entrained lower mantle with primor-

dially high FeO contents (4, 10). This raises

an important question: Why is the Fe/Mn

ratio not correlated with radiogenic
186Os/188Os ratios observed in the picrites?

Both modern liquid outer core and

ancient percolating melts may be com-

posed of an FeO-FeS-Fe liquid (22), which

would react with the lower mantle mineral-

ogy (Mg perovskite and ferropericlase).

Reactions between a FeO-FeS-Fe liquid and

ferropericlase can be written in a simplified

form as

ðFe-FeS-FeOÞliquid þ
ðMg; FeÞOsolid Y ðFe-FeSÞliquid þ
ðMg; Fe¶ÞOsolid ð1Þ

where the prime indicates a solid solution

richer in FeO. Because oxygen is only

0.0

0.2

0.4

0.6

0.8

1.0

D
(M

n
)

0.0 0.2 0.4 0.6 0.8 1.0

D(Fe)

40

50

60

70

80

90

100

F
e/

M
n

80 100

Melt fraction (wt %) 

A B C

10 20 30 40

MgO (wt %) 

0 20 40 60

Fig. 3. (A) Partition coefficients for Fe versus Mn in olivine (diamonds),
orthopyroxene (squares), clinopyroxene (triangles), and garnet (circles)
from experimental melting of garnet peridotite (18). Bulk partitioning for
peridotite compositions with 55% olivine, 25% orthopyroxene, 10%
clinopyroxene, and 10% garnet is shown for two runs in which all four
minerals and liquids were present (circled crosses). Note the Mn
preference of garnet and clinopyroxene, the Fe preference of olivine,
and the tendency of the bulk Ds to plot near the 1:1 line. (B) Fe/Mn of

experimental partial melts versus melt fraction: garnet peridotite melts
(open circles) and their starting composition (solid circle) (18), pyrox-
enite melts (open diamonds) and their starting compositions (solid
diamonds) (20). (C) Fe/Mn for experimental partial melts versus MgO for
garnet peridotite (18) and pyroxenite (20) [symbols as in (B)]. The shaded
gray region is the MgO range estimated for primitive Hawaiian picrite
melts (17). High-degree (960%) pyroxenite partial melts and all
peridotite partial melts exhibit Fe/Mn G 60.
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slightly soluble in iron metal at the pressure

of the CMB (23), Reaction 1 represents a net

transfer of FeO to ferropericlase. The

residual Fe-FeS liquid is probably im-

miscible with the lower mantle and either

drains back to the core or crystallizes within

the lower mantle as Fe-FeS veins. Thus,

large regions of the lower mantle may be

metasomatized by FeO-bearing liquids cre-

ating high Fe/Mn sources, with siderophile

Os Eand hence the outer core 186Os/188Os

signature (1)^ heterogeneously distributed

within the source as veins. Because tungsten

has a lower preference for solid metal than

does Os (26), W and Os could be decoupled

by fractional crystallization of the Fe-FeS

melts. Thus, coupling between 182W/184W,
186Os/188Os, and Fe/Mn is not a prerequisite

for evidence of core-mantle interaction.

Seismic studies indicate a correlation

between ultralow-velocity zones (ULVZs)

at the CMB, interpreted to be regions of

partial melt, and the distribution of hot spots

at the surface (27). There also appear to be

rigid zones at the top of the core that

correspond with ULVZs in the CMB region

(28) that may be sites of FeO release from

the core (5). Thus, the sources of mantle

plumes originating from the CMB may have

been affected by FeO metasomatism. This is

the most tenable explanation at present for

the observed excess of Fe/Mn in the Hawai-

ian lavas. Notably, Iceland neither is asso-

ciated with a ULVZ (29) nor exhibits high

Fe/Mn.

Table 1 shows that the observed Fe/Mn

ratio in the Hawaiian lavas corresponds to a

lower Mg# (88) than average upper mantle

(Mg# 0 89). This Mg# is within the 1G range
of measured Mg#_s of upper mantle perid-
otites E89 T 2 (13)^. The higher FeO content
implies a higher density, þ0.5% relative to

MORB mantle. This density contrast is about

twice that estimated from seismic tomog-

raphy models (12) but is sensitive to the

choice of MORB Fe/Mn for normalization

(Table 1). It is important to observe that

our estimate of the density anomaly &D/D

does not include the effect of Fe enrichment

due to recycling crust with a Fe/Mn È 60

because this contribution is not resolved by

our technique. However, core-mantle inter-

action appears to have added enough FeO to

the Hawaiian plume source to account for

some (10) or all (11, 12) of the geophysically

observed density excess in the lower mantle.

Thus, Fe/Mn analysis of hot spot lavas

provides geochemical Bground truth[ to geo-
dynamical models of mantle circulation

based on seismic tomography (12, 29).
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Toroidal Triblock
Copolymer Assemblies

Darrin J. Pochan,1* Zhiyun Chen,2. Honggang Cui,1. Kelly Hales,1.
Kai Qi,2. Karen L. Wooley2*

A stable phase of toroidal, or ringlike, supramolecular assemblies was formed
by combining dilute solution characteristics critical for both bundling of like-
charged biopolymers and block copolymer micelle formation. The key to
toroid versus classic cylinder micelle formation is the interaction of the
negatively charged hydrophilic block of an amphiphilic triblock copolymer
with a positively charged divalent organic counterion. This produces a self-
attraction of cylindrical micelles that leads to toroid formation, a mechanism
akin to the toroidal bundling of semiflexible charged biopolymers such as
DNA. The toroids can be kinetically trapped or chemically cross-linked. Insight
into the mechanism of toroid formation can be gained by observation of
intermediate structures kinetically trapped during film casting.

Simple self-assembly methods can produce a

broad range of intricate bioinspired nano-

structures from synthetic block copolymers

in dilute solution. For example, robust vesicles

have been constructed from amphiphilic di-

block copolymers (1–3). By using block co-

polymers instead of low–molecular weight

lipid amphiphiles, direct control over the mem-

brane thickness is achieved and the ultimate

toughness of the vesicle is consequently en-

hanced (1, 4). Similarly, cylindrical micelles

exhibit stiffness behavior that is directly depen-

dent on the core chemistry (5) or chain length

(6). Such cylindrical structures have been de-

signed to display specific coronal chemistry for

biomimetic inorganic phase nucleation (7, 8).

Many examples of spherical micellar assem-

blies also exist in which the particle size and

function can be controlled by means of block

copolymer segment designs (9). In addition to

the classic geometries of sphere, cylinder, and

bilayer membrane, dilute block copolymers
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